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Abstract

Strong atmospheric winds may cause wind erosion and dust emissions on bare, dry, erodible fields. Since these dust emissions may exceed
particulate matter limits established by the United States Environmental Protection Agency, information on dust generation and transport mechanics
is needed to determine the particulate hazard of dust sources. Measurements of climatic variables and airborne sediment mass and concentration
were made during three strong wind events on a bare, fine sandy loam field in west Texas. This study clearly shows that dust flux estimates were
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ery sensitive to dust concentration measurement height. PM10 flux values estimated between heights of 2 and 5 m were 2–5 times those estimated
etween heights of 5 and 10 m. Tower placement in relation to the upwind unerodible boundary produced significant differences in dust flux that
aried with storm intensity. During the most intense storm event, the PM10 flux between heights of 2 and 5 m measured at the tower 200 m from
he unerodible boundary was almost 2.5 times as that measured at the tower 100 m from the unerodible boundary. Vertical PM10 dust flux was
losely related with horizontal sediment flux only when the winds came from the same direction during the entire duration of horizontal sediment
ux measurements.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The Clean Air Act, amended in 1990, required the US Envi-
onmental Protection Agency (USEPA) to establish National
mbient Air Quality Standards (NAAQS). These standards

et limits on airborne pollutants, including particulate mat-
er, considered harmful to the public and the environment.
he standards were designed to protect public health and wel-

are, including protection against decreased visibility, damage
o animals, crops, vegetation, and buildings [1]. Particulate
atter is subdivided by size. Particles with a mass median

erodynamic diameter of less than 10 �m are called PM10
nd particles with a mass median aerodynamic diameter of

� Mention of trade names or commercial products in this article is solely for the
urpose of providing specific information and does not imply recommendation
r endorsement by the US Department of Agriculture.
∗ Corresponding author. Tel.: +1 806 723 5240; fax: +1 806 723 5272.

E-mail address: tzobeck@Lbk.ars.usda.gov (T.M. Zobeck).

less than 2.5 �m are called PM2.5. PM10 particles pose health
risks because they can be inhaled into the respiratory sys-
tem and the PM2.5 pose a greater risk because they can be
inhaled deeply into the lungs. Although many pollutants orig-
inate from industrial and other anthropogenic sources, geo-
logic materials may contribute significant airborne particulate
matter.

Much is known and has been written about wind as a geo-
logical process causing aeolian sediment transport and deposi-
tion of particulate matter [2–6]. Interest continues in this topic
as shown by recent conferences in Africa and West Asia [7],
Europe [8] and the United States [9]. Airborne particles origi-
nating from geologic materials can have many sources and may
pose threats to humans and animals, depending upon the size
and geochemistry of the particles and any materials adsorbed
onto the particles. In this paper, we limit our discussion to
the emission and transport of suspended particles (or fugitive
dust) from earth surfaces due to the force of the wind, a pro-
cess often called wind erosion. Although sources of suspended
dust are numerous and varied, similar processes occur when
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.11.090
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dust is emitted from deserts, dry lake beds, agricultural fields,
dirt roads, construction sites, and other areas where the sur-
face is bare and erodible particles are exposed to the force of
winds.

Particles moved by the wind can range up to about 1 mm
in diameter, but particles travelling great distances are usually
much smaller (<100 �m). Particles of fine dust (<20 �m) have
a low settling velocity, even under low wind speeds, and may
be transported great distances and kept suspended in the atmo-
sphere for a very long time [10]. Wind erosion is a significant
source of fine dust and PM10, particularly in regions of highly
erodible soils [11–13].

Field studies of airborne dust produced at or near the origin
of intense dust sources are difficult to conduct yet numerous
studies have been reported [14–22]. Most studies have focused
on total suspended dust <20 �m. However, due to the interest in
PM10 in the NAAQS, recent studies in the US have focused on
PM10 emissions [20–24].

Fine dust is generally emitted due to the force of saltating
particles impacting the soil surface [6,14,25]. Recent work in
silty loessial soils of the US Pacific Northwest suggests that
fine dust may also be entrained into the atmosphere due to
the direct force of the wind, without saltation bombardment
[24]. Work by Gillette et al. [20] has related horizontal mass
flux of sediment to the vertical flux of PM10 particles for a
large sandy playa lake in California. The lake represents an
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2. Materials and methods

2.1. Experimental site

The study site was located in the southern Great Plains of west
Texas at the United States Department of Agriculture, Agricul-
tural Research Service (USDA-ARS), Wind Erosion and Water
Conservation Research Unit field station in Big Spring, Texas
(32.2702N, 101.4865W). The climate is semiarid with a mean
annual temperature of 17.1 ◦C, mean annual precipitation of
470 mm and mean annual wind speed of 8 m s−1. The study was
conducted on an Amarillo fine sandy loam (13% clay, 78% sand
and 0.3% organic carbon) classified as a fine-loamy, mixed, ther-
mic, superactive Aridic Paleustalf [27]. These Late Quaternary
surface sediments have been significantly modified by aeolian
processes [28].

The 3-ha (100 m radius) round study field was chiseled,
planed and maintained in a bare, flat condition for the dura-
tion of the study (Fig. 1). The field was surrounded by 10 ridges
approximately 0.3 m high and 1 m apart. The ridges were estab-
lished to stop saltating particles from entering or leaving the
field. Previous research demonstrated that soil loss on a sandy
soil in west Texas was reduced 90% with ridges up to 2.5 m high
[29]. In addition, fields upwind and down wind of the study field
were maintained in an unerodible condition during the study
period.
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nusual large eroding surface. Information on the vertical flux
f PM10 particles is needed to determine the potential particu-
ate hazard of eroding surfaces. Since the USEPA designated
he southern half of the Owens Valley as a ‘Serious’ PM10
on-attainment area, a State Implementation Plan was devel-
ped that calls for the control of dust on 43 km2 of the lake bed
23].

However, most eroding surfaces are often much smaller than
he Owens Lake bed and the study of suspended dust poses sig-
ificant challenges. If the field is very small, the total amount of
mitted dust may be determined by simply measuring the verti-
al profile of dust concentrations of the plume and multiplying
y the wind speed to obtain a horizontal flux. However, this may
ot be practical if the field is so large that the entire plume can-
ot be sampled or estimated or if there are many heterogeneous
ource areas in large fields.

Many studies use the gradient method, described by Gillette
26], to estimate vertical flux of suspended dust. The applica-
ion of the gradient method in agricultural fields is not clear.
he method requires measurement of dust at two heights and
eems to assume a fully developed dust plume, yet no studies
ave described the effect of dust sensors height or placement in
elation to a developing dust plume close to the dust source on
ertical dust flux measurements. In addition, agricultural fields
re often so variable or small that horizontal emissions are not
niform. In this paper, we test the hypothesis that large varia-
ions in vertical dust flux may arise depending upon sensor and
ower placement in a small agricultural field. In addition, we
escribe the effect of horizontal mass flux on vertical dust flux
n small fields and demonstrate the importance of wind direction
nd sampler placement.
.2. Instrumentation

The study was conducted in March 2003. Three dust storm
ates (March 4, 18 and 27) were selected for detailed analysis.
n these dates, wind erosion was measured using a combina-

ion of saltation/creep and Big Spring Number Eight (BSNE)
amplers (Fig. 2). On March 4, BSNE saltation sampler clusters
30] were used at the center and east locations (Fig. 1). BSNE
altation sampler clusters consist of a series of BSNE passive
altation samplers located at heights of 0.05, 0.10, 0.20, 0.5, and
.0 m above the soil surface (Fig. 2).

Combination saltation/creep samplers were also located at
he center and east positions. The saltation/creep samplers [31]
re passive samplers with 0.005 m wide openings at heights of

Fig. 1. Location of dust sampling towers in relation to eroding field (shaded).
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Fig. 2. Saltation/creep and BSNE samplers used to collect horizontal mass flux.

0–0.003, 0.003–0.009, and 0.009–0.02 m (Fig. 2). Data from
the lowest opening were not complete so only the two higher
sampling heights were used for this sampler. The mean sampling
heights of the openings were 0.006 and 0.015 m. These samplers
orient into the wind and particles are blown horizontally into the
sampler. The mass of sediment collected in each sampler was
measured after each day with a dust storm. Saltating particles
were also detected with a SENSIT® particle impact detector [32]
located in the center of the field. The SENSIT uses a piezoelectric
crystal to detect saltating sand grains at a frequency of 1 Hz. In
this study, the piezoelectric crystal was positioned at the soil
surface.

Suspended dust was measured using DustTrak® (TSI, Inc.)
aerosol monitors mounted on towers at 2, 5, and 10 m heights.
Three towers were available for use in this study. Towers were
located at the west, center and east positions, respectively, on
March 4 (Fig. 1). Since this first observation date showed incom-
ing dust level to be quite low and relatively uniformly vertically
distributed, the west tower was moved to a down wind location
100 m east of the east tower for the March 18 and 27 obser-
vation dates. Although useful information was gained by the
west tower, we felt more information would be gained by using
this tower in a down wind position. The towers were located
along a line running from 240◦ to 60◦ magnetic north. DustTrak
monitors measure the concentration of PM10 using laser light
scattering. The DustTraks were modified by adding a 1.9 mm

Fig. 3. DustTrak sampling head and instrument enclosure (top) and close-up of
sampling head orifice.

diameter orifice that oriented into the wind. The orifice was
sized to provide isokinetic sampling for ambient wind speeds of
10 m s−1 (Fig. 3). Some reduction in sampling efficiency may
have occurred for winds substantially above or below this level.
The DustTraks were activated during specific daylight hours dur-
ing dust storm dates and sampled at 1 Hz frequency (Table 1).
Sufficient memory capacity was not available to run the Dust-
Traks continuously for more than 6 h. To evaluate the effect
of saltation on dust emissions, SENSITS and DustTraks clocks
were synchronized.
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Mean
threshold
wind speed
(m s−1)

Mean z0
b

(m)
Standard
error z0

(m)

Mean u*b

(m s−1)
Standard
error u*

(m s−1)

M 6 10.0 0.0006 0.0001 0.44 0.013
M 8 9.7 0.0003 0.0000 0.36 0.0097
M 2 8.8 0.0004 0.0001 0.4 0.019

.

able 1
bservation summary data during 2003 dust flux measurements

ate Time of
observation
(hh:mm)

Total
minutes
(min)

Mean 2 m
wind speed
(m s−1)

Mean
maximum
wind gusta

(m s−1)

M
w
di
(◦

arch 4 11:55–18:30 395 8.0 11.5 25
arch 18 10:23–14:23 240 8.5 10.9 25
arch 27 10:10–14.45 275 7.0 8.9 25

a Wind gust expressed as mean 2 m wind velocity plus 2× standard deviation
b z0, aerodynamic roughness; u*, friction wind speed.
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Wind direction was measured at the center of the field with
a wind vane at 2 m height and wind speed was measured at
heights of 0.5 and 2.0 m with cup anemometers. A standard US
National Weather Service meteorological station was located in
an adjacent field approximately 100 m south of the study field.

2.3. Parameter calculation

One minute wind velocity observations averaged over 20-min
periods were used to estimate friction velocity, u* (m s−1), and
aerodynamic roughness, z0 (m), using the equation:

U(z) = u∗

k
ln

(
z

z0

)
(1)

where U(z) is wind speed (m s−1) at height z (m) and k is von
Karman’s dimensionless constant (0.4) [33]. The mean values
of wind speed at 2 m height, friction velocity and aerodynamic
roughness over the entire sampling period for each date are
shown in Table 1. These values do not exactly fit Eq. (1) because
they are the average values of many 20-min sampling periods,
over which time the values in Eq. (1) may vary due to slight
differences in wind direction, wind speed, and other factors.

Threshold wind velocity for each 1-min period was calculated
using the equation proposed by Stout [34]:
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the square root of both sides of Eq. (4) to yield:

Fh(z)−0.5 = F−0.5
z=0

(
1 + z

β

)
(5)

Plotting the inverse of the square root of the mass of sediment
caught in the saltation samplers (Fh(z)−0.5) as a function of sam-
pler height will yield a straight line within the fully developed
portion of the mass saltation flux profile [19]. In this study, BSNE
samplers at heights of 0.0065, 0.015, 0.05, 0.10, and 0.20 m were
used to determine horizontal mass flux. The slope and intercept
of this line was used to determine the Fz=0 and β parameters.
Flux at the surface (Fz=0) was equal to the intercept−2 and β was
equal to intercept/slope.

Pearson correlations were performed using the analysis fea-
ture of Microsoft Excel 2002®.

Tests for normality of data were performed using the Proc
Univariate procedure in the SAS statistical analysis system, ver-
sion 8 [36].

3. Results and discussion

A summary of the wind profile characteristics determined for
periods when saltation was active and dust concentration mea-
surements were collected is listed in Table 1. Dust concentration
measurements were collected in the late morning and early after-
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t = umean − σN−1(γ) (2)

here ut is threshold wind speed (m s−1), umean the mean wind
peed, σ the standard deviation of the wind speed, and N−1(γ)
s the inverse of the normal distribution function of the saltation
ctivity, γ . The saltation activity was calculated as the fraction of
ime in which saltation activity was detected with the SENSIT.
or example, if saltation was detected for 30 s during the 60 s
ver which wind speed was measured, the saltation activity was
alculated as 0.5.

The vertical flux (Fv, mg m−2 min−1) of PM10 suspended
ust was calculated according to the gradient method of Gillette
14] as described by Rajot et al. [35] using the equation:

v = u∗k(Cb − Ct)

ln
(

zt
zb

) (3)

here Cb and Ct are the concentrations (mg m−3) of PM10 at
he bottom and top DustTraks, respectively, and zb and zt are the
eights of the bottom and top DustTraks, respectively.

The horizontal flux of saltation material was calculated using
he method of Stout and Zobeck [19]. Eroding material collected
y the saltation/creep and BSNE samplers was used to determine
he horizontal flux (kg m−1 event−1) applying:

h(z) = Fz=0

(
1 + z

β

)−2

(4)

here Fh(z) is the horizontal mass flux at height z, Fz=0 is hor-
zontal mass flux at the soil surface, and β is a scale height
arameter. The Fz=0 and β parameters were determined by taking
oon on each day.
The observation periods ranged from 240 to 395 min long.

he wind originated from the west–southwest (252–258◦ mean
ind direction) on all days. The mean 2 m wind speeds were

ower than the mean threshold wind speeds during the same
eriod of saltation and dust measurement (Table 1), demonstrat-
ng the importance of wind gusts. Since we did not measure

aximum wind speeds during 1-min observations, we attempted
o estimate the maximum wind gust using the mean and the stan-
ard deviation of the wind speed. The mean maximum wind gust
n Table 1 represents the wind speed calculated as the mean wind
peed plus two times the standard deviation of the mean. Since
nalyses indicated that the wind speed data were normally dis-
ributed, only about 2.5% of wind speed values exceeded the
stimated maximum wind gust as calculated above.

.1. Relation of dust concentration, flux and saltation

.1.1. March 4 observations
The relation of vertical PM10 dust flux and saltation can be

bserved by comparing SENSIT counts (SC) with observed dust
oncentration or dust flux (Table 2). Correlations of SENSIT
ounts with Table 2 parameters were made only during times
hen SENSIT and dust concentration data were both available

s shown in Table 1. As described above, the memory resources
id not allow us to continuously collect PM10 concentration data
or more than 6 h so the DustTraks were manually started during
ach storm. Differences in time of observation were caused by
ifferences in natural storm characteristics. Although the mean
ind speed and observation durations varied among storm dates,

he wind directions were about the same (Table 1).
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Table 2
Pearson correlation coefficients of SENSIT counts with PM10 by date and tower location

Tower location Source 2 m PM10

concentration
5 m PM10

concentration
10 m PM10

concentration
PM10flux2–5

a PM10flux5–10

March 4, 2003
West SENSIT counts 0.11 −0.06 0.01 0.31 −0.14
Center (modified)b SENSIT counts 0.67 0.37 −0.31 0.72 0.62
Center (unmodified)b SENSIT counts 0.66 0.13 −0.12 0.65 –c

East (modified) SENSIT counts 0.69 0.66 0.26 0.77 0.68

March 18, 2003
Centerd SENSIT counts 0.42 0.33 0.26 0.40 0.32
Eastd SENSIT counts 0.47 0.42 0.33 0.48 0.44
Down windd SENSIT counts 0.47 0.47 0.39 0.47 0.43

March 27, 2003
Center SENSIT counts 0.56 0.33 0.41 0.63 0.24
East SENSIT counts 0.76 0.31 0.35 0.63 0.7
Down wind SENSIT counts 0.53 0.73 0.59 0.30 0.59

a Flux2–5 is flux calculated using Eq. (3) and heights 2 and 5 m; flux5–10 is flux calculated using Eq. (3) and heights 5 and 10 m.
b Modified data were modified by subtracting west tower PM10 value at corresponding time and height.
c Indicates data not available.
d SENSIT counts correlated after subtracting 2 min from recorded time.

The March 4 west tower dust concentration by height, SC,
vertical PM10 flux calculated using Eq. (3) comparing different
concentration heights, and average 2 m wind speed are shown
in Fig. 4. The data shown in Figs. 4–7 represent 1-min average
values. Higher frequency comparisons were beyond the scope
of this study. Since the west tower was on the upwind side of
the field (Fig. 1), we assume mainly PM10 originating off the
study field was observed. The PM10 concentrations at all heights
appear similar and have no apparent relation with SC (Fig. 4).

SENSIT counts were much better correlated with wind and
PM10 variables at the center tower on March 4 (Fig. 5 and
Table 2). Increases in PM10 concentration at the 2 and 5 m
heights closely followed increases in SC (Fig. 5). The corre-
lation of SC with PM10 concentration at 2 m height was 0.67.
The correlation of SC with PM10 concentration measured at
a heights of 5 m (R = 0.37) and 10 m (R = −0.31) were lower.
The PM10flux2–5 was well-correlated (R = 0.72) with SC. The
correlation of PM10flux5–10 was not as well but still correlated
(R = 0.62).

Observed values of PM10flux2–5 and PM10flux5–10 were quite
different at the center tower on March 4. The PM10flux2–5 was
about 3.6 times that of the PM10flux5–10 value (Table 3). The
reason for this result is clarified by examination of Fig. 5. The
PM10 concentration at 2 m height was about an order of mag-
nitude higher than the concentrations at the 5 or 10 m heights.
Clear differences in dust concentration distribution with height
p

a
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at the center of the field but did rise to 10 m at the east end
of the field. The development of this plume is shown by the
greater PM10 flux values at the east tower, which were about
2.5–3 times the values observed at the center tower (Table 3).
As with the center tower, the PM10flux2–5 of the east tower was
greater (about 2.7 times) than the PM10flux5–10 values. Visual
observations on this date indicated that dust plumes reached the
10 m height of the east tower infrequently. The dust plume did
reach the 5 m height frequently at the east tower.

The March 4 PM10 concentration values shown in Fig. 5 were
modified by subtracting the PM10 concentration observed at the
same height at the west tower from corresponding heights at the
center and east towers. This modification generally improved
the correlation of SC with PM10 concentration and flux values.
For example, before modification, the correlation of SC with
2 m PM10 concentration was 0.66, correlation of SC with 5 m
PM10 concentration was 0.13, and correlation of SC with PM10
flux measured at 2–5 m heights was 0.65. After subtracting the
west tower PM10 values at corresponding heights, correlations of
dust concentration at 5 m and the flux2–5 values are improved.
Unfortunately, only one test date was available to make this
correction and subsequent test dates do not apply the modifi-
cation. Additional testing the usefulness of this modification is
needed.

SENSIT counts were correlated with the March 4 1-min aver-
age 2 m wind velocity with a correlation of 0.58. We surmised
t
v
n
m
w
w
l
m
p

roduced the differences in PM10 flux values.
SENSIT counts were somewhat better correlated with wind

nd PM10 variables at the east tower than the center tower on
arch 4 (Table 2). The east tower was located 100 m east of the

ENSIT location. The PM10 concentration of the east tower at
he 10 m height (not shown) showed a small but visible response
o the SC not observed in the PM10 concentration of the10 m
eight of the center tower (Fig. 5). Apparently, the PM10 plume
ad not yet reached the 10 m height near the SENSIT located
hat the average 1-min 2 m wind velocity tended to reduce the
ariation in wind velocity by masking higher frequency gusti-
ess. We attempted to introduce this variation with the estimated
aximum wind gust in this paper. However, the correlation of
ind speed with saltation was only slightly improved (R = 0.61)
hen the estimated maximum wind gust was used in the corre-

ation. Correlation of SC with higher frequency wind velocity
easurements are needed to improve this relation and are in

rogress.
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Fig. 4. PM10 concentration by sampler height, SENSIT counts, estimated PM10 flux for two height intervals, and 2 m wind speed for the west tower on March 4,
2003. All values are 1-min means of data collected every second.

3.1.2. March 18 observations
After the March 4 test date, the west tower was moved

100 m down wind of the east tower location (Fig. 1). PM10
dust concentration values were collected at the center, east
and down wind towers on March 18 and 27. As discussed
above, since the west tower was not available to provide
background data after the March 4 test, March 18 and
27 data were not modified to remove incoming suspended
dust.

Pearson correlation coefficients for most of the March 18
PM10 data were not as high as those found for the March 4 data
(Table 2). Part of the difference is attributed to the background
level of PM10 included in the March 18 observations. Some
of the differences may also be related to an apparent lack of
precise synchronization of clock times for the SENSIT and
the PM10 sensors on March 18. Comparisons of the SENSIT
counts and PM10 at 2 m concentrations on March 18 suggest
an apparent lag in the SENSIT counts. Direct correlations of
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Fig. 5. PM10 concentration by sampler height, SENSIT counts, estimated PM10 flux for two height intervals, and 2 m wind speed for the center tower on March 4,
2003. All values are 1-min means of data collected every second.

SENSIT counts with PM10 variables were about half the values
of correlations when 2 min were subtracted from each SENSIT
count times (Table 1). The origin of this time lag in not known.
This possible experimental error may have been caused by
differences in setting of the internal clocks of the SENSIT and
DustTraks. In this experiment, the clocks of both devices were
set separately. In future studies, we will set all clocks using the
same timing device to avoid this possible error.

Regardless of this possible error, examination of the SEN-
SIT and PM10 concentration data collected at the down wind
tower on March 18 shows interesting trends. As with the March
4 data, Pearson correlation coefficients of SC with dust concen-
tration and flux values for the east tower were slightly better
than correlations for the center tower on March 18 (Table 2).
In addition, the PM10 flux values for the east tower were about
2.2–3.3 times the values measured at the same heights at the cen-
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Fig. 6. PM10 concentration by sampler height, SENSIT counts, estimated PM10 flux for two height intervals, and 2 m wind speed for the down wind tower on March
18, 2003. All values are 1-min means of data collected every second.

ter tower (Table 3), again consistent with the values observed on
March 4.

A down wind tower was also observed on March 18. Although
the down wind tower was located in an unerodible (vegetated)
area, which was 100 m down wind of the erodible field, the
PM10 concentration data rather closely parallels the SENSIT
count data (Fig. 6). The SENSIT was located about 200 m west
of the down wind tower position. In addition, PM10flux2–5 at

the down wind tower was 7.7 times the PM10flux2–5 recorded at
the center tower and 4.6 times the PM10flux5–10 observed at the
same location (Table 3).

3.1.3. March 27 observations
Pearson correlation coefficients comparing SC with PM10

data were higher for most of the March 27 data than those found
for the March 18 data but were about the same or higher than
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Fig. 7. PM10 concentration by sampler height, SENSIT counts, estimated PM10 flux for two height intervals, and 2 m wind speed for the down wind tower on March
18, 2003. All values are 1-min means of data collected every second.

the values for the March 4 data (Table 1). The data collected
during the March 27 storm was somewhat different from that
collected during the previous two storms. The time of day was
approximately the same and the amount of time dust concen-
tration data was collected during saltation activity on March 27

was greater than the March 18 storm but less than the March
4 storm (Table 1). However, the pattern of saltation during the
March 27 storm was somewhat different than the other storms.
The March 4 and 18 had many more SENSIT counts that were
concentrated in a shorter time interval than on March 27.
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Table 3
Flux observation 2003 summary data

Date Tower location PM10flux2–5
a

(mg m−2)
PM10flux5–10

a

(mg m−2)
PM10flux2–5 per minute
(�g m−2 s−1)

PM10flux5–10 per minute
(�g m−2 s−1)

Flux2–5/flux5–10 ratio

March 4 West 0.1216 0.1326 0.005 0.006 0.9
March 4 Center 2.5773 0.7066 0.109 0.030 3.6
March 4 East 6.3895 2.3377 0.270 0.099 2.7
March 18 Center 0.8993 0.3851 0.062 0.027 2.3
March 18 East 1.9997 1.2466 0.139 0.087 1.6
March 18 Down wind 6.9881 1.5059 0.485 0.105 4.6
March 27 Center 0.4976 0.3593 0.030 0.022 1.4
March 27 East 0.4632 0.7808 0.028 0.047 0.6
March 27 Down wind 0.3999 0.7221 0.024 0.044 0.6

a Total PM10flux2–5 and PM10flux5–10 were calculated by summing fluxes over the observation periods.

As a result, the PM10 concentrations on March 27 at the east
tower were much lower than those found for the east tower on
March 4 and the PM10 concentrations for the down wind tower
were much lower on March 27 than on March 18 (compare
Figs. 5–7).

Differences in dust flux estimates for different heights of dust
concentration measurement were not as great March 27 as in the
other observation dates. With the exception of the west tower
data on March 4, the PM10flux2–5 values were from two to almost
five times the values of the PM10flux5–10 values. In contract, the
March 27 PM10flux2–5 values were only 40% greater than the
PM10flux5–10 values at the center tower and the PM10flux2–5
values were 60% of the PM10flux5–10 values at the east and
down wind towers (Table 3). In general, the PM10 flux values
estimated for March 27 were much lower than the PM10 flux
values on the other dates. For example, the PM10flux2–5 for the
down wind tower on March 18 was 20 times that recorded for
the same location on March 27.

3.2. Relation of wind speed and threshold wind speed

Wind velocity, wind direction and SENSIT counts were col-
lected for the entire day (Fig. 8) at 1-min intervals on each obser-
vation date. Particulate matter concentration measurements were
collected for much shorter periods of time due to limitations in
data storage memory (Table 1). Although the wind direction was
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month. Unfortunately, no measurements of the amount of loose
erodible material were collected during this study. Cahill et al.
[37] found a similar increase in dust production during an ero-
sive period in March at Owens Lake, California. They attributed
the increase to weathering and breakdown of the efflorescent
(salty) crust and steady destruction of an underlying salt-silt
clay crust.

Threshold values also varied within as well as among days.
Although the threshold values were fairly constant on March
18, considerable variation in threshold occurred during the ero-
sion events occurring on March 4 and 27. The difference in
threshold on March 4 may be attributed to diurnal differences
in relative humidity. Relative humidity approached or exceeded
90% before 9:00 and was less than 50% after 11:00. The few
threshold values observed prior to 11:00 were much lower than
those observed after 11:00 (Fig. 8), seeming to support the
recent finding of decreased threshold velocity with increasing
air humidity under some circumstances [38]. However, the effect
of relative humidity is not certain since the humidity expe-
rienced in this study exceeded those observed by Ravi et al.
[38].

Differences in threshold wind velocity observed on March
27 seem to be related with changes in wind direction. For most
of the day, the wind was out of the southwest but changed to the
north after about 19:30. When the wind changed to the north,
the wind speed and threshold wind speed increased. When the
w
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easonably constant during dust concentration observations, it
id vary substantially on each day. Threshold wind velocity mea-
urements shown in Fig. 8 represent only time periods when
t was possible to correctly calculate threshold using SENSIT
nd wind data. If SENSIT counts were observed for less than
% (<2 s) or greater than 98% (>58 s) of the 1-min observation
eriod, threshold was not determined [34].

In general, the estimated maximum wind gust and threshold
ind speed decreased during the month of March (Table 1). The

eason for the decrease in threshold wind speed with observation
ate is not clear. Wind profile calculations do not indicate sig-
ificant differences in aerodynamic roughness among sampling
ates. It is possible that differences due to weathering of the
urface produced changes in the soil erodibility. Although very
ittle rainfall (1.2 mm) occurred during March, resorting of loose

aterial on the surface due to winds was significant during the
ind direction changed, the area upwind of the sensors also
hanged. Since there was no observable difference in surface
oughness in the area upwind in the north direction, the differ-
nces in threshold wind speed for erosion were likely related to
patial differences in surface soil erodibility.

.3. Horizontal mass saltation flux

Horizontal mass flux has been associated with vertical sus-
ended dust flux [20,25]. Horizontal mass saltation flux was
easured at the center and east tower locations (Fig. 1). Total

orizontal mass saltation flux was determined using Eq. (5)
or saltation samplers at heights 0.006, 0.015, 0.05, 0.10, and
.20 m. Statistics for linear regressions of height (x) and flux−0.5,
arameters in Eq. (5), and total mass flux are presented in Table 4.
he center BSNE sampler was 100 m and the east sampler was
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Fig. 8. Estimated maximum wind gust, threshold wind speed and wind direction on March 4, March 18 and March 27, 2003. All values are 1-min means of data
collected every second.

about 190 m from the western edge of the study field. Suspended
material less than 100 �m in diameter was not removed from the
sample, causing some variability in correlating horizontal mass
flux with suspended dust concentration. However, we assume
the effect of the suspended material will be minimal because
work on a similar soil in west Texas indicated that saltation size
material dominates during wind erosion events at heights less
than about 0.20 m [19].

Although horizontal mass flux varied by location and date,
vertical PM10flux2–5 was closely related to horizontal mass flux
on March 4 and 18, but not on March 27. The horizontal mass
flux at the center position on March 4 was about twice that of the
same location on March 18. Approximately the same variation
occurred in vertical PM10flux2–5 (Tables 3 and 4). The vertical
PM10flux2–5 at the center position on March 4 was 1.7 times that
of the same location on March 18. The horizontal mass flux at

Table 4
Parameters used to determine 2003 total saltation flux

Date Saltation cluster Intercepta Slope R2 F0 (kg m−1) Sigma (m) Total flux (kg m−1)

March 4 Center 0.0296 0.3559 0.98 1141.34 0.0832 94.9
March 4 East 0.0068 0.3138 0.99 21626.30 0.0217 468.6
March 18 Center 0.0384 0.5706 0.97 678.17 0.0673 45.6
March 18 East 0.0128 0.4964 0.98 6103.52 0.0258 157.4
March 27 Center 0.0169 0.2331 0.98 3501.28 0.0725 253.8
March 27 East 0.0184 0.3869 0.98 2953.69 0.0476 140.5

a Equation used to calculate flux using Eq. (5) from the text. Saltation flux determined for heights 0.006–0.2 m above the soil surface.
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the east position on March 4 was about three times that of same
location on March 18 while the vertical PM10flux2–5 at the east
position on March 4 was 1.9 times that of same location on
March 18. In contrast, the vertical PM10flux2–5 was not closely
related to horizontal mass flux on March 27. The horizontal mass
flux at the center position on March 18 was 18% (about 1/6) that
of the same location on March 27, while the PM10flux2–5 at the
center position on March 18 was twice that of the same location
on March 27.

In addition, the horizontal mass flux at the center position
on March 27 was much greater than that observed on March
4 or 18 even though the mean wind speed and mean threshold
wind speed was greater on the latter 2 days (Figs. 2 and 3). The
east BSNE cluster had about half the horizontal mass flux as
the center cluster on March 27. In contrast, on March 4 and 18
the east BSNE clusters collected from three to five times the
sediment collected from the center BSNE cluster (Table 3).

The reason for these apparently anomalous results may be
explained by knowledge of the saltation periods and wind speed
in relation to the horizontal mass flux observations. Since BSNE
clusters were only serviced the day following wind erosion
events, the samples included sediment produced by any salta-
tion occurring during this time period. On March 4 and 18,
the wind direction was about the same during periods of salta-
tion. On March 27 the wind direction changed dramatically at
about 20:00 (Fig. 8). At this time, the wind direction changed
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adequate in areas with actively eroding source regions such as
eroding agricultural fields or where large eroding fields contain
heterogeneous areas with varying erodibility.

The results of this study clearly show that dust concentration
measurements and estimates of vertical dust flux are very sen-
sitive to measurement height in some situations. On March 4
and 18 the maximum wind gusts were greater than the threshold
wind speed and there was considerably more dust near the sur-
face than at 10 m and the PM10flux2–5 was from two to almost
five times that of PM10flux5–10. However, this result was not
found on March 27. On March 27, the maximum wind gust
was 8.9 m s−1, almost the same as the threshold wind speed
of 8.8 m s−1. As a result, the PM10flux5–10 was greater than
PM10flux2–5 for the east and down wind towers. We believe this
may be due to the greater percentage of time when no saltation
was present allowing more thorough mixing of the less dense
dust plume. This study suggests that the heights employed to
estimate dust flux by the profile gradient method (Eq. (3)) need
to be specified and/or standardized to allow better comparisons
among different studies. More study is needed to determine stan-
dard measurement heights.

Vertical dust flux sampling tower location in relation to the
unerodible field boundary also plays an important role in vertical
dust flux estimates. A relatively small 3 ha field was used in this
study.

Tower placement in relation to the upwind unerodible bound-
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rom the southwest to north. From this direction, the fetch
f the center BSNE was still about 100 m while the fetch of
he east BSNE cluster changed from about 190 to 20 m. Sus-
ension of fine dust is usually associated with saltation flux
25,26,39] and increasing fetch distance [40–43]. When the
ind was coming out of the north, the center BSNE cluster
as probably collecting much more sediment than the east
SNE cluster due to the much greater fetch distance. A sim-

lar increase in horizontal mass flux in the center of a field
as observed when wind direction changed during an erosion

tudy on a sandy soil in Argentina [44]. In addition, the total
ime of saltation flux when the BSNE clusters were collect-
ng sediment was much greater for the center BSNE cluster on

arch 27 than either center BSNE clusters on March 4 or 18
Fig. 8). A clear understanding the relation of horizontal mass
ux with wind direction is necessary to unambiguously relate
orizontal mass flux with other parameters such as vertical PM10
ux.

. Conclusions

Estimates of vertical dust flux are often obtained by mea-
uring dust concentrations at two heights and then applying a
iffusion equation similar to Eq. (3). No standard heights at
hich to make dust concentration measurements are often spec-

fied. In cases where the suspended dust is thoroughly mixed
ith a uniform concentration near the surface in the atmospheric
oundary layer, specification of measurement heights may not
e needed. This was the case for the west tower on March 4.
roding fields were not nearby and the PM10flux2–5 was about

he same as the PM10flux5–10. However, this assumption is not
ry produced significant differences in dust flux that varied with
torm intensity. During the most intense storm event on March
, the PM10flux2–5 at the east tower was almost 2.5 times as that
easured at the center tower. But during the least intense storm

vent on March 27, the PM10flux2–5 at the east tower was a bit
ess than that measured at the center tower (Table 3).

This study also showed that caution should be exercised
hen using measurements of horizontal sediment flux to esti-
ate vertical dust flux. Vertical dust flux was closely related
ith horizontal sediment flux on March 4 and 18, when the
inds came from the same direction for the entire duration of
orizontal sediment flux measurements. However, on March
7 the wind direction changed after vertical dust flux mea-
urements had ceased but while the horizontal sediment flux
amplers were still in the field. As a result, the vertical dust
ux was not related to the horizontal sediment flux. The change

n wind direction changed the fetch distance of all but the
enter horizontal sediment flux sampler. Since the amount of
orizontal sediment flux is related to fetch distance, horizontal
ediment flux samples collected from the new wind direction
ere no longer related to the vertical dust flux, which was all

ollected when the wind was blowing from a different direc-
ion.
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